• We developed a thermistor-based device to measure the time of liquid reward delivery.
Introduction
Over the past several decades, liquid rewards have been used in a wide range of behavioral and neurophysiological experiments in many laboratories. A liquid reward is useful as experimenters can control its amount and duration (Mitz, 2005) , and avoid electrical artifacts due to jaw movements. Neurons in numerous brain regions respond to predictable and unpredictable delivery of a reward phasically and/or tonically. A growing body of evidence indicates that dopaminergic neurons in the midbrain and the circuits connected to this region play an important role in the processing of reward-related information (Hikosaka et al., 2008; Schultz, 2000) . Such activities triggered by reward delivery are considered important signals for learning, motivation, attention, and decision-making (Redgrave and Gurney, 2006; Schultz, 2007; Schultz and Dickinson, 2000; Watson and Platt, 2008) .
Detecting the exact delivery time of a liquid reward is critical in neurophysiological experiments. Despite its potential importance, previous studies have failed to measure the precise timing of reward delivery. In many physiological experiments, the timing of commands from a task-controlling computer has been used to trigger reward onset. However, this is not precise because there is latency between the onset of the computer command and the timing of liquid reward delivery. In addition, this latency might differ among experimental systems. Therefore, it has been impossible to compare results (e.g., response latencies) reported from different laboratories. The goal of this study was to establish a practical method of detecting the actual onset time of reward delivery. Specifically, we developed a new device that enabled us to determine the timing of liquid reward delivery precisely.
Materials and methods

General description of the experimental setup
We used a conventional custom reward delivery system, in which a liquid reward was delivered on the principle of free fall (Fig. 1A) . The system comprised a water bottle, plastic tubes, solenoid valves (FSS-0306CN; Flon Industry Co., Ltd, Tokyo, Japan), and a plastic mouth-pipe. About 1 L of water was contained in the bottle placed at the top of the system. Water exited the plastic pipe (length: 70 mm, inside diameter: 2 mm, outside diameter: 3 mm) at the bottom of the system. The water bottle and solenoid valve were connected by a plastic tube (length: 33 cm, inside diameter: 5 mm, outside diameter: 7 mm). The solenoid valve and plastic pipe were also connected by a plastic tube (length: 74-196 cm, inside diameter: 3.2 mm, outside diameter: 4.5 mm). The solenoid valve was mostly made of polytetrafluoroethylene (PTFE), and a diaphragm was made of PTFE and fluororubber. The diameter of the opening of the solenoid valve was 3 mm. The voltage and current that a driver circuit generated to open the solenoid valve were 24 V and 0.2 A, respectively.
Signal control was performed using a custom real-time data acquisition system (REX; Laboratory of Sensorimotor Research, National Eye Institute, National Institutes of Health, Bethesda, MD, USA) adapted for the QNX operating system (Hays et al., 1982) . The computer sent a TTL command to the driver circuit to open the solenoid valve. When the solenoid valve opened, water was delivered from the spout of the pipe. Data acquisition was also performed by REX via an A/D converter, whose sampling rate was 1 kHz.
During usual neurophysiological experiments, the spout would be in and in front of the mouth of an animal. As the objective of this study was to develop a new device, no animals were used. Instead, complete filling of the pipe with water was verified before each experimental trial to perform testing under invariant and wellcontrolled conditions. The ambient room temperature during the experiments was 22 • C.
Detection of physical outflow from the outlet by electrical contact
To detect when water physically flowed through the outlet of the pipe, we measured the time at which electrical contact was established through the flowing water. Two electrical wires were A bottle, a solenoid valve, and a spout pipe were connected to a plastic tube. The solenoid valve was opened upon receipt of a TTL signal from the controlling computer. An animal (e.g., a monkey) would typically drink from the spout of the pipe in an actual neurophysiological experiment (though no animal was used in this study). The height from the solenoid valve to the water surface in the bottle is defined as H1, whereas that from the pipe outlet to the solenoid valve was defined as H2. (B) An electrical touch sensor. Two electrical wires were placed close to the outlet and were connected to an electrical touch sensor that could detect electrical contact. The electrical conductivity of the water used in the experiment was 0.24 mS/cm (measured with CD-4303, Lurton, Taipei, Taiwan). (C) A thermistor-based device. A self-heated thermistor was placed inside the spout pipe (47 mm from the outlet). The signal from the thermistor was transferred to the amplifier. (D) An electrical diagram of the thermistor-based device. The signal from the thermistor was amplified, passed through a high-pass filter and an optical isolator, and then input to an analog-digital converter (ADC). placed close to the outlet (Fig. 1B ). They were connected to an electrical touch sensor that could detect electrical contact. If water came between the wires, the sensor could detect the outflow of water (see Fig. 2 , blue horizontal bar). The delay between when the electrical contact was established and when the touch sensor began indicating "ON" was approximately 0.1-0.2 ms. Since this was much smaller than the sampling interval of the A/D converter (1 ms), the delay was considered to be negligible. Thus, the time that the sensor began indicating "ON" was the actual time of water outflow. This method is a direct and reliable method of measuring the timing of water outflow precisely. However, it cannot be used during neurophysiological experiments because the sensor would interfere physically with the animal's mouth. Nevertheless, this measurement is useful for recalibrating the actual timing of water outflow by means of a temperature drop detected by a thermistor-based device (described below).
Thermistor-based device to measure reward delivery time
A thermistor is an electrical device that measures temperature. Here, we used a self-heated thermistor to detect water flow. The principle of detection is as follows: (1) the self-heated thermistor heats the surrounding water, (2) the heated water is washed out when flow begins, (3) colder water that was originally placed upstream passes around the thermistor, and (4) the thermistor detects the decrease of temperature. Based on this principle, the time at which the thermistor detected the temperature drop was used as a measure of liquid-delivery timing (Fig. 2) .
A glass bead self-heated thermistor (112-102EAJ-B01, Honeywell, New York, NY, USA; 1.14-mm diameter) was placed inside the pipe (47 mm from the outlet) to measure water temperature (Fig. 1C) . A small hole was made on the pipe, and the thermistor was placed on the inner surface of the pipe. The hole and thermistor were covered with a heat-shrinkable tube to prevent water leaks. The thermistor heated itself at 2 mW (at 25 • C).
The signal from the thermistor was amplified by an amplifier with a high-pass filter ( = 0.1 s) (Fig. 1D) . High-pass filtering removed slow fluctuations (e.g., due to changes in ambient room temperature), while permitting detection of rapid temperature changes due to fluid flow. The signal from the amplifier was fed into the analog-digital converter (ADC) of the data-acquisition computer. The amplifier output was connected to the input of the ADC through an optical isolator to prevent electrical interference.
Experimental procedures
In Experiment 1, we examined the effects of (1) the length of the plastic tube between the solenoid valve and plastic pipe, and (2) the duration that the solenoid valve was open on the timing of liquid delivery. We used four tube lengths (74, 111, 146, and 196 cm) , and six TTL command durations (20, 50, 100, 200, 500, and 1000 ms). Two parameters of "height" (H1 and H2 in Fig. 1A) were fixed: the height from the solenoid valve to the water surface in the bottle (H1 in Fig. 1A ) was 36 cm, and that from the outlet of the pipe to the solenoid valve (H2 in Fig. 1A ) was 67 cm. We performed 24 experiments (four tube lengths × six TTL command durations), each of which comprised 8-11 trials (mean, 9 trials).
In Experiment 2, we examined the effect of the height of the water bottle on the timing of liquid delivery. For this purpose, we manipulated two height parameters: the height from the solenoid valve to the water surface in the water bottle (H1 in Fig. 1A) , and the height from the outlet of the pipe to the solenoid valve (H2 in Fig. 1A ). We used four conditions, in which the total heights (H1 + H2) were 83 (=11 + 72), 107 (=35 + 72), 132 (=60 + 72), and 162 (=35 + 127) cm. During Experiment 2, other parameters (tube length and delivery duration) were fixed (157 cm and 50 ms, respectively). We performed 4 experiments, each of which comprised 20-28 trials (mean, 23 trials).
In both Experiments 1 and 2, we measured timing using the thermistor-based device. In addition, we measured timing using an electrical device in Experiment 1 to examine the relationship of the two methods. In both experiments, the entire pipe was filled with water before each trial to make the conditions in all trials as similar as possible.
Algorithm for defining fluid delivery time from the measured signal
We defined two fluid delivery time measurements by two methods using the following algorithms. First, we identified the time when the electrical contact method started detecting the water flow (electrical contact-based timing: ECT). The electrical touch sensor provided a digital output when two wires were electrically connected. We defined the ECT as the first time-point at which the two electrical wires were electrically connected (Fig. 2 , leftmost points of blue horizontal bars). Second, we defined the time at which water flow was first detected by the thermistor-based device was defined (thermistorbased timing; THT). The THT was the time at which the signal began to decrease (that is, the timing of the temperature drop), and estimated it using the following algorithm. (1) The signal was smoothed with a square kernel of 20 ms. (2) For each time point after the solenoid opened (1-ms step), the mean and standard deviation (SD) of the raw signal of the past 100 ms from the time point were calculated. (3) The "lower bound" was defined as the value of "the mean value minus the SD value" of the raw signal of the past 100 ms. (4) The THT was then defined as the time point at which the smoothed signal value decreased to below the lower bound (Fig. 2 , red circles).
Results
Timing using the thermistor-based device
We detected the time at which water began to flow using two methods. First, we determined the actual time at which the water exited the outlet of the pipe by detecting the electrical contact between two wires using an electrical touch sensor (ECT) (Fig. 1B) . Fig. 2 shows an example of a trial (tube length, 196 cm). Time 0 is the time at which the computer sent a TTL command to open the solenoid valve. The duration of the TTL command was 100 ms (green horizontal bars; Fig. 2 ). The electrical contact measurement revealed that the water began to exit the pipe ∼72 ms after the TTL command onset (blue horizontal bars; Fig. 2) .
Second, we determined the fluid delivery onset time using the newly developed thermistor-based device. The signal from the thermistor placed on the inner surface of the spout pipe (Fig. 1C) was amplified with a high-pass filter of 0.1-s time constant (Fig. 1D) . Thus, the amplified signal reflected the change in water temperature. The signal from the thermistor-based device began to decrease ∼100 ms, peaked ∼276 ms, and then recovered gradually to the original value ( Fig. 2A) . Fluid delivery onset time was defined as the time at which the signal decreased by more than the noise level (THT). According to the algorithm, the THT was 112 ms (Fig. 2B) .
The THT was 40 ms later than the ECT. This was due to the delay of thermal conductance of the thermistor (Aagaard, 1968; Gregg and Meagher, 1980) .
Effects of TTL command duration and tube length (Experiment 1)
In Experiment 1, we assessed the effect on our timing measurements of tube length (74, 111, 146, and 196 cm) and TTL pulse duration (20, 50, 100, 200, 500 , and 1000 ms). The height of the water bottle from the level of the pipe outlet was fixed (103 cm). The times measured by the two methods (that is, the delays in detection after the TTL command; ECT and THT) are shown in Fig. 3A-D . Blue squares indicate ECT and red circles indicate THT.
A three-way analysis of variance (ANOVA) (two measurement methods × four tube lengths × six durations) showed significant main effects of measurement method, length of tube, and TTL command duration (P < 0.001). THT was longer than ECT (Fig. 3A-D) . The difference in the coefficients for the two methods in the threeway ANOVA was 38.0 ms; this was likely derived mostly from the delay in the thermal conductance of the thermistor.
The longer tube showed a longer delay (Fig. 3A-D) . Fig. 4A , in which the delays (ECT and THT) are plotted against tube length (TTL signal duration, 200 ms), shows that the delay increased almost linearly with tube length. The difference in delays for 196-and 74-cm tube lengths was as large as 32.0 ms, indicating that the delay increased by 26 ms per 1-m length on average. The slope indicates the wave transmission speed. Once the wave arrived, the water physically began to flow.
Unexpectedly, the three-way ANOVA also showed a significant main effect of duration. However, the difference between the maximum (1000 ms) and minimum (20 ms) coefficients for durations in the three-way ANOVA was negligibly small (2.9 ms). The difference may be related to the natural frequency of the tube and/or other experimental conditions, such as tube configuration. However, at present, this remains an open question.
We also calculated the difference between ECT and THT for each trial (Fig. 3E-H) . A two-way ANOVA (four tube lengths × six durations) for the difference between ECT and THT showed a significant main effect of tube length (P < 0.001), but not duration. The delay increased with tube length: the difference in the coefficients in the two-way ANOVA between the maximum (196 cm) and minimum (74 cm) tube lengths was 8.3 ms. This may be in part because the water flow speed (immediately after flow began) decreased with tube length. Detecting a decrease in water temperature took longer as flow speed decreased. The difference between ECT and THT did not depend on duration. In addition, the SD of the difference within each tube length was as small as 3 ms (mean ± SE, 3.2 ± 1.3 ms). Therefore, the difference between ECT and THT was almost constant in the same experimental setup. ECT could be recalibrated from THT once the difference between ECT and THT had been determined.
Effects of water bottle height (Experiment 2)
In Experiment 2, we examined the effect of water bottle height at a fixed tube length (157 cm) and TTL command duration (50 ms). We altered two height parameters (H1 and H2 in Fig. 1A ) so that total heights were 83, 107, 132, and 162 cm. The times measured by the thermistor-based device are shown in Fig. 4B . The timing was negatively correlated with height, and a one-way ANOVA (four heights) showed a significant main effect of height (P < 0.001). The difference in delays between heights of 83 and 162 cm was as large as 14.7 ms; therefore, the delay decreased by 18.6 ms per 1-m height on average.
Discussion
We developed a new device for measurement of the actual delivery time of a liquid reward using a self-heated thermistor. The device could detect the onset of liquid flow as a decrease in temperature. The time at which the thermistor-based device detected the decrease in temperature (THT) was ∼38 ms later than the time at which the electrical touch sensor detected the electrical contact (ECT). The delay between THT and ECT changed depending on the experimental setup used (e.g., tube length), but it was reasonably consistent with a minimal variance (SD ∼3.2 ms) and independent of the duration of liquid delivery within the same experimental setup. Therefore, once the delay has been determined, the actual timing can be recalibrated precisely from that estimated by the thermistor-based device. We thus propose the following protocol for determination of the actual timing of reward delivery: (1) measure the delay between ECT and THT before neurophysiological experiments, (2) determine THT during the experiments and estimate ECT by subtracting the delay offline. Such a protocol would enable our new device to provide the precise timing of reward delivery.
Why was there a delay between THT and ECT? If fluid temperature around a thermistor decreases in a step function and the change affects the temperature of the thermistor with an infinite thermal conductivity, the internal temperature of the thermistor is expected to decrease in a simple exponential manner toward the outer fluid temperature. However, the thermal conductivities of the glass and thermistor are not infinite, and the heat transferred from the center of the body to the glass surface was not distributed uniformly. Under such conditions, the change in the temperature of the thermistor occurs after a delay period following a step change in the temperature of the surrounding fluid (Aagaard, 1968; Gregg and Meagher, 1980) . The time of reward delivery depended largely on the experimental setup. The first component was tube length; the delay increased with tube length. The slope in Fig. 4A was 26 ms/m, which is equal to the transmission speed of a pressure wave. The water began to flow after arrival of the wave. The speed of the wave should theoretically be infinite if the tube is a rigid body. However, the tube was made of plastic, and the inner diameter became wider upon arrival of the wave. This behaved analogously to a capacitor in an electrical circuit and introduced a time delay. The second component was the height of the water bottle; the delay decreased with water bottle height. The ratio of the effect of height in Fig. 4B was 18 .6 ms/m. The greater height provided more potential energy, which increased wave transmission speed.
In addition to the tube length and the height of water bottle, there are variations of reward delivery system among laboratories. In some laboratories, more viscous liquid (e.g. juice) is used instead of water as a reward liquid. Since shearing stress will be larger when the liquid is more viscous, the physical flow speed of the liquid is expected to be slower. The slower flow speed will cause the larger delay and milder decrease of thermistor signal. In addition, larger specific heat of more viscous liquid may cause similar effect. However, as long as the delay between ECT and THT can be once measured before the physiological experiments, the precise time of reward delivery can be correctly estimated. In other laboratories, a pressurized reward delivery system is used instead of using gravitational free fall. The magnitude of the applied pressure will change the flow speed, causing a different delay and a different decreasing speed of thermistor signal. However, the proper correction from THT to ECT will again provide the precise time of reward delivery.
In this study, we filled the entire length of pipe with water to perform evaluations in an invariant and well-controlled manner. However, under actual experimental conditions, air may leak into the pipe; the amount could vary between trials. If the pipe is not filled completely, it could take time for the water to exit the pipe. Theoretically, the speed of water flow is different from that of a pressure wave. Our current method is incapable of measuring water flow speed. If a space containing no water were present at the tip of the spout pipe, the reward delivery would be determined to be earlier than actual timing in our method. Future research should attempt to compensate for this potential delay.
Determining the timing of reward delivery is important in terms of behavioral task control and recording of physiological data. Neuronal activities related to the gustatory sensation, allocation of attention, and learning will occur when the reward is delivered. The new thermistor-based device developed in this study would thus be useful in neurophysiological experiments that make use of a liquid reward.
